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Toohni cal  Report  on  a  Project  on 

LOW-SPEED  SLIDING 

being  carried  out  for  the 
Offioe  of  Naval  Research 
under  Contract  NR  065-335 


Introduetion 

Three  different  aspects  of  'the  project  were  studied 
during  the  past  year.  They  were  (l)  Design  and  operation  of  an 
apparatus  to  measure  stick-slip  amplitudes  at  various  velocities 
and  using  springs  of  different  stiffness,  (2)  Calculation  of  the 
sits  distribution  of  asperities  through  the  autocorrelation  technique 
described  in  earlier  reports.  (3)  Studies  of  the  frictional  pro¬ 
perties  of  rubber  at  lew  speeds  and  with  oon trolled  atmosphere  and 
temperature.  These  experiments  are  described  in  the  three  seotlons 
of  the  report.  In  addition  work  has  continued  on  the  desipi  and 
operation  of  a  very  low-speed  friction  apparatus  which  records  velo¬ 
cities  as  well  as  friction  foroes,  readings  being  taken  automatically 
for  short  periods  of  time  at  regular  intervals  to  oonserve  paper  during 
an  extended  experiment.  The  various  parts  of  the  apparatus  have 
functioned  separately  and  the  completed  equipment  will  be  described 
in  a  subsequent  report. 

Two  publications  connected  with  the  prejeot  have  appeared 
sinoe  the  last  reports  They  are 

Autocorrelation  analysis  of  the  Sliding  Process,  by  E.  Rabinowio*. 
JoApp.Phys.  7olo27,  No.  2,  pp.  131-135,  1966. 

Stick  and  Slip,  by  Et.  Rabinowios.  Scientific  American ,  Tfol.194,  No<>6, 
pp.  109-118,  1956. 

A  copy  of  each  is  appended  te  this  report. 


Two  theses  have  been  written  by  students  working  on  the  project 


c. 


"The  Influence  of  Spring  Stiffceea  on  Stiok-Slip"  by  Donald  Clarin, 
euberitted  for  the  Beohelor  of  Soianee  degree  in  the  Meohaaieel 
^igineering  Depertnent.  The  reeulte  of  thie  thesis  ere  eiaesariaed 
in  Section  1. 

"Report  nentel  8tudy  of  Rubber  Priotion"  by  Kwsn-lok  8o,  eubaitted  for 
the  Meet er  of  Seienoe  degree  in  the  Heehenioel  fcgineering  Depertaent. 
The  reeulte  of  tide  theeie  ere  eiaanrieed  in  Section  III. 
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Z  •  Relation  between  atiok-allp  Bid  sparing  atlffheaa 

The  apparatus  used  for  thea •  experiment*  ia  shorn  in 
Figure  1.  It  es^loya  a  ^-disuaeter  rider  haying  a  henispharioally 
ahapsd  and  whioh  oontaota  a  flat  apeelnsn  mom  tad  on  a  steel  torn  tab  la. 
The  ri  dar,  whioh  is  loadad  by  a  daad  weight,  ia  hald  by  a  supporting 
aura  that  is  fraa  to  daflaat  with  tha  friotiom  foroaa  eo  ting  on  tha 
ridar  and  in  torn  thaaa  foroaa  aot  on  tha  two  a 'brain  rings  in  a  aria  a  j 
on  ana  of  thaaa  ara  mom  tad  4  strain  gagas.  Both  tha  ohanga  In 
reel a tones  of  tha  strain  gngaa  dot  to  tha  fMotton  foroa,  and  tha 
ahanga  in  raaiatanoa  of  in  in  tar  raptor  naohanlsm  on  tha  rotating  disk 
ara  dlsplayad  on  a  Sanborn  tam-ohaanel  raoordar. 

Qtao  of  tha  two  strain  rings  ia  raaaorabla,  and  tha  atiffhaas 
of  tha  frletion  arm  nmy  ba  ahaagad  by  roplnoing  it  by  ana  of  diffsrsnt 
thlskaoaa*  Foot  rings  wora  uaad  in  all 

#1  pro  duo  ad  a  deflexion  of  *226  on/Vg 

g  "  "  "  "  .om  " 

8  *  ■  *  "  ,0M  " 

4  *  "  "  "  .0056  " 

Sxparlwanta  wars  oarriad  out  of  oopper  on  ooppar  lubrioatad 
by  oatana  and  ataal  on  staal  vc lubrioatad ,  two  oonbinationa  of  natarials 
that  ara  known  raadily  to  giro  rise  to  etiok-alip.  friction  ran  wars 
oarriad  out  orer  a  ranga  of  ralooltlea  with  all  four  rings  in  turn 
mounted  on  the  friction  am,  and  the  amplitude  of  tha  stiok-slip, 
namely  tha  diffaranoa  between  the  spring  i’oroe  at  the  beginning  and 
end  ef  the  slip;w»s  measured  in  «moh  oaee  and  ia  shown  plotted  in 
fige  2  (copper),  end  5  (steel).  It  was  fomd  necessary  to  test  all 
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four  springs  within  a  short  period  of  tins  (say  1-2  hours)  as 
otherwise  ths  results  wars  not  strictly  ©separable. 

A  ntasbsr  of  results  eserge  from  these  figure*. 

(1)  At  any  sliding  relooi  ty,  ths  anplitoda  of  etick-alip  is 

greater  if  the  spring  is  aade  less  stiff*  If  ths  spring  la  toe  stiff 
stiek-elip  is  oevplately  eliminated* 

(<)  For  say  spring  there  is  a  li  ad  ting  relooity  abort  which 

s tick- slip  does  not  oooar*  The  aaaller  the  stiffhess  of  the  spring 
the  greater  this  upper  Halting  velocity. 

(8)  Fer  any  spring  there  sees*  to  be  s  Halting  velocity  be  lee 

which  stiek-elip  doee  not  ooeur .  Ihe  s nailer  the  stiffheas  of  the 
spring*  the  lewer  this  lever  Uniting  reloeity. 

Thee#  reeulte  are  readily  expUoable  in  tanas  of  the  probable 
f  -  v  surra  (Flg.4).  It  aay  bs  assaasd  that  with  eny  spring  there  ia 
a  Halting  negatire  slope  in  the  f  -  r  our  re,  auoh  that  for  any  steeper 
slops  stiek-elip  ean  oeour,  end  for  any  last  steep  slope  it  cannot.  Also 
as  the  steepness  of  the  slope  la  increased,  ths  aapHtuds  of  ths  stiok- 
sHp  lnoreasss  correspondingly.  If  e  stiffsr  spring  is  used,  re  will 
expect  that  a  greater  steepness  of  slope  is  required  before  stiok-eUp 
ooawpaes .  (o.f.  Fig,  6).  For  the  stiffest  springe  used  ia  these  teste 

•  tiok-slip  did  not  take  piece  since  ths  steepness  of  the  slope  obtained 
in  our  taste  res  nowhere  greet  enough. 

Father  experi  asnts  are  planned  shioh  should  enable  us  to 
fornulite  a  quantUati  re  expression  for  « tick-slip  amplitudes. 


20  Calculation  of  Si  se-Dl  «  trl  butlon  of  asperities. 


Previous  calculations  of  the  autocorrelation  function 
(*ee  Figs.  6  A  7,  Appendix  A)  hare  teen  carried  out  asauaing  that 
the  rorce-dlaplaoemsnt  curve  of  a  single  j motion  la  triangular  or 
rectangular .  Orcenwood  and  Tabor  in  a  recant  paper  give  experimental 
evidence  based  on  large-scale  models  surgesting  that  the  function  is 
parabolic  (aa  sheen  above).  In  attempting  to  calculate  a  hypothetical 
friotion  curve  baaed  on  auoh  a  law,  it  ie  necessary  to  find  ainple 
Integral  n unbars  that  approximate  oloaely  to  a  parabolic  sequence. 

After  soma  trial  and  error,  it  man  feted  possible  to  fit  a  parabola 
surprisingly  eel  1  ,  as  ahote  in  Thble  X. 

Haight  of  parabila  Actual  Hoigjht  of 

Station  aaanaad  in  oorngutatioo  parabola  Plffbrmaam 


x  -  6 

0 

0 

0 

x  -  4 

t 

t.19 

♦.19 

x  -  S 

4 

3.90 

-.10 

x  -  t 

• 

6.11 

♦.11 

X  -  1 

4 

6.M 

-.14 

X 

6 

9.10 

♦.10 

Then  to 

calculate  the  hypethctleel 

fr  loti  on  treoe. 

oeleulate  terms  of 

f  K  m  P  f  f  5 


f  --  r/2  (s~  $«M- '  Mu  u  v  s,.,  V 

where  S  etc*  correspond  to  rendoe  numbers  in  the  range  4  to  8. 
x  4 

2000  points  of  such  a  trace  were  oaloulsted  and  the  eorrellegraa  for 
these  Delate  determined,,  FYoe  the  m  jrs  >f  the  ^orrefloon din g 
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t*1um  of  8^  -  (i  -  w or*  oaloulatod  and  plotted  on  Flgo  6, 

Mmj  of  R^2  for  110  point*  of  on  oxporiaontal  friotlon 
tarooo  oro  olto  plottod  on  this  ourro,  with  tha  aoaloa  auitably  odjuotod. 
It  will  bo  oooe  that  R^.2  oo  axperlwntally  dotomlnod,  la  groator 
ot  low  woluoa  of  k#  and  aa  baa  boon  ahown  In  an  oariior  roport,  thia 
dlfforonoo  la  couaod  by  variation*  In  tho  aiaoa  of  tho  Jtnetion*  for 
tho  oxporlaontol  friotlon  traoo. 

Iho  aoxt  atop  waa  to  dotondno  tho  ala*  distribution  of 
jcnotlona  whioh  gow*  tho  boat  fit  with  ft*  obaoraod  data  aaavdag  fbr 
alaplloity  that  only  4  dlfforont  aiaao  of  jiaotioa  war*  prooont,  of 
diaaotor  d,  i/l,  d/4  and  d/l.  Do  anplltwdoo  of  tho  oentrlbutlana 
of  tho  ffewr  aiaoa  io  than  giwon  by  natohinj  a a  eloooly  aa  poooibla,  tho 
oalowlatod  and  aaparinantod  *-k  plot*.  A*  finally  dotomlnod,  tha 
anplitodoa  a,  b,  o,  d  of  tha  flonr  alias  aro  (loan  by  tha  aquations. 


tf fast  of  jwotic 
of  dl  ana  tar  d 


ditto  bat 
dl  ana  tor  d/ 


ditto  bat 
Haw  tor  d/4 


ditto  bat 
diawtor  d/ 


•Otu  a 

♦.0868  b 

♦  .181  o 

♦  .894  d 

-  1.87 

(1) 

.0868  a 

♦.181  b 

♦  ,894  * 

♦  d 

-  6.78 

(1) 

.186  a 

♦.478  b 

♦ 

e 

♦  d 

•  6.16 

(8) 

.161  a 

♦.694  b 

♦ 

e 

♦  d 

»  9.8 

(4) 

.866  a 

♦.884  b 

♦ 

0 

♦  d 

-  11,8 

(6) 

.478  o 

♦  b 

♦  0 

♦  d 

-  14.9 

(A) 

j588  o 

♦  b 

♦ 

0 

♦  d 

-  17,9 

(7) 

.894  a 

♦  b 

♦ 

* 

*■  d 

-  20.5 

(8) 

,797  a 

♦  b 

+ 

0 

♦  d 

-  23oS 

(9) 

884  a 

*  b 

♦  • 

♦  d 

-  28,4 

(10) 

-960  a 

♦  b 

4 

0 

4-  d 

-  29,2 

(11) 

a 

♦  b 

4- 

0 

*  d 

-  31-8 

(12) 
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This  act  of  equations  is  of  course  over-determined,. 

»  my  be  ©aloulated  froa  e<Jn*o  6-12,  by  subtracting  6  from  9  etc. 
and  thee  the  values  of  a  subtracted  from  expressions  3-5  end 
b  determined  etc.  The  final  values  obtained  were 

a  •  28.0 

fc  ■  3.1 

o  »  2.4 

d  •  4.1 

1b  get  froa  the  values  a.  b,  o,  sad  d,  the  iaportsaee 
of  the  eorree  pen  ding  junctions  to  the  whole  ©ontaot  area,  we  have 
to  allow  for  the  fact  that  the  statistical  raoertalnty,  comparatively, 
for  a  jvnotlamie  propertional  to  n^,  and  thee  multiply  a,  b,  o 
and  d  by  1,  2,  4,  and  8  respectively. 

The  final  eoatritvtlon  to  the  total  eliding  area  of  each 
eategery  of  jtnotlon  it  shown  in  Fig.T,  aa  is  a  distribution  taken 
from  earlier  work  based  on  wear  measurements.  These  two  entirely 
independent  methods  both  suggest  that  most  of  the  eliding  area  eonaiete 
of  junctions  fairly  hoeregeneous  in  eisa. 

Thus  according  to  the  wear  data  eons  66%  of  the  total  eliding 
area  oonsiate  of  J  motions  who**  length  does  not  differ  by  a  fa o tor 
of  acre  then  2c  For  the  autocorrelation  data,  the  corresponding 
value  is  ?5Jtc 
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Velooity  and  temperature  dependence  on  rubber  friction 


A  year  ago  tha  results  of  frlation-Teloeity  teata  on 
several  materials  at  room  tevperature  vara  reported,,  for  each  of 
these  materials  a  maximum  vac  fated  In  tha  frlction-Teleoity  ourve. 
During  tha  pact  ye nr,  tha  region  to  tha  left  of  the  maximum,  In  vhioh 


frlatioe  ineraaaaa  with  Telocity,  ha  a  been  studied  for  rubber  eliding 


oe  aeooth  glaaa •  These  tecta  have  been  oarried  out  over  a  Telocity 
range  from  about  10'®  to  10“*  ee/aeo  end  a  tempers  twe  range  froa  about 
SO  0  to  40  C. 

A  thin  eheet  of  gue  rubber  (dental  daa)  e evented  to  a 
apherloel  aetal  aurfaee  aae  elld  over  a  glace  a&eroaoope  elide  In  the 
low-speed  friction  machine.  tha  aaehlne  vac  erraaged  in aide  a  plyeood 
boa  heated  by  electric  leaps  themoatatleally  eon  Veiled  to  keep  the 
taaperature  con  a  teat  to  vlthin  _♦  0*1  C,  An  etao  sphere  of  dry  air 
free  a  eoeaaareial  cylinder  r as  aalnbained  inside  the  box. 

the  rubber  eurfaoee  of  the  rldera  vare  cleaned  after  erery 
teat  by  first  rubbing  lightly  vith  aurgioel  geuse  aoiatened  in  reagant 
aoetoee  end  then  rinsing  vith  a  few  drop*  of  the  aoetone.  the  glass 
plate  vaa  cleaned  in  vana  "Lakeaeal"  solution,  rinsed  wider  running 
water ,  tium  in  distilled  veter,  and  allowed  to  drain  and  dry  naturally. 
Care  wea  exeroieed  to  prsTent  oon taaina ti on  from  the  hands  of  the 
operstor.  All  experiments  were  performed  in  an  air-oondl tioned  room. 

Tn  r-rder  to  ehe<- k  the  reproducibility  of  results  with  different  rldera, 
three  ridera  as  nearly  alike  aa  possible  were  uaed  at  random  during 
the  teata  A  .iifferent  path  on  the  glaaa  plate  was  used  for  erery  teat 


€ 


and  the  pla  ^e  1  vaelf  wme  oleaied  after  every  5  or  8  experiment* 
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Typioal  result*  ere  given  in  Pig-  80  Curves  showing  the 
apparent  trend  ef  the  experimental  point*  for  riders  cT  three 
different  radii  are  giTan  in  Pig<.9o 

These  ourvea  are  siailar  to  those  foxnd  here  previously 
for  neoprene  sliding  on  ground  glass,  Sehallanaoh  (1)  ha*  also 
obtained  this  type  of  reeult  for  rubber  blooks  sliding  on  ground  glees 
end  on  eilioan-eerbdde  paper •  The  following  oonolusions  osn  be  drew 
from  Pigs.  8  end  9,  in  spits  of  tbs  seetber  of  the  test  points. 

1.  At  high  values  of  tangent! si  fore#  P,  the  legarithn  ef  the 
sliding  veloai ty  log  V  tends  to  iaoreese  linearly  with  P. 

2.  the  leg  V-  va*F  ourves  beooa*  oonoeva  downward  et  low  valuae 
of  Pi  that  is,  log  9  deereeaes  s»rw  end  sore  rapidly  as  P 
beeoMi  snail. 

2,  The  depends  os  of  log  ▼  on  teapnratasre  T  tends  to  be  linear 
et  high  values  of  P«  At  low  values  of  P,  the  relation  between 
log  V  and  T  is  masked  by  the  strong  depen denoe  of  log  P  on  P. 

The  results  hers  presented  are  inoonoluel ve  regarding  the 
effeot  of  temperature,  but  corroborate  the  treed  show  by  previous  wrk. 
All  the  data  available  indieate  that  the  low-apead  aliding  of  rubber  is 
e  rate  preoeaa.,  The  following  aechanlan  for  thi*  prooeas  1*  euggeeted. 

The  glesn-rubber  lnterfaoe,  whioh  i«  naturally  quite  in- 
hawogseoua,  i«  aasumed  to  ocniiat  of  enell  region#  of  high  re*l#tanoe 
to  eliding  ("i •  lands")  aurromded  by  ragioe*  of  low  reeietanoa.  More 
precisely,  ••  on#  goea  from  the  aster  of  an  ieland  toward  the  ehore, 


K  Schallaaaoh,  A.»  Velocity  and  ’’emperat-ars  Oepondsnoe  of  Rubber 
Friction,  Prc o  Phya  - Soo ^  5,  Gj?,.  3?d  92  >1953), 
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the  eliding  resistance  la  asaueed  to  drop  from  a  hi  eh  to  a  low 
value,  as  suggested  in  Pi  Re  10,  An  external  tangential  force 
will  thus  produce  shearing  deformation  and  a  treat  at  these  islands, 
while  over  the  rest  of  tha  interfaoe,  oonpriaing  the  "ocean"  of  low 
resistance,  slip  will  oocur.  In  the  abemee  of  any  further  action, 

•  awall  tangential  fore*  would  thua  produce  an  initial  ra  la  tire  dis¬ 
placement  of  rubber  and  glass,  but  no  continued  no  Tan  set  would  take 
plane.  At  temperatures  above  the  abeelutn  aero,  however,  the  energy 
of  thermal  vibration  of  the  rubber  molecule#  nay  be  euffioient  to 
cause  occasional  alip  at  an  island,  so  thet  in  a  certain  range  of 
temperature  anl  applied  tangential  force,  eentinuoue  relative  no  venae  t 
will  result.  At  high  values  of  applied  force,  only  the  central  parts 
of  the  islands  need  theme!  help  to  slip)  while  for  small  applied  fores, 
the  area  ever  which  thermal  help  la  needed  beecmee  large. 

This  rate  prooeee  la  geveraed  bv  an  equation  of  the  fbra 

T  -  c  exp(-  *T) 

or  InV  -  In  C  -  ( IS ) 

where  in  the  present  cast 

V  i#  the  steady  velocity  of  sliding  (ea/se<0 
C  is  a  frequanoy  faotor  (ca/seo) 

A  it  the  tharaal  energy  required  to  produce  slip  of 
an  island  (ergs) 

- 18 

k  is  Boltxaean’a  constant  (1.58  x  10  erg/d«g  K) 


T  i ■  the  absolute  teape:** ture  (deg  K) 
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By  raaaoning  similar  to  that  of  Booker  (2),  k  ia  exprasaad  aai 

A  -  d<  (T.>T)  (H) 

wh  ara 

•  i>  tha  »rn  of  an  ialaad  (on2) 

^  la  tha  unatratohad  langth  of  tha  lntarfaeial  bends  (ok) 

f  1*  tha  taagantial  atraia  at  any  point  raqudrad  to  oauaa 
flip  (dyna/on*) 

^  ia  tha  tangantlal  atraaa  at  any  point  do#  to  tha  appliad 
foroa  (djma/an*) 

0  ia  an  aiaatle  ahaar  nodulua  (dyna/on*) 

At  high  mluaa  of  F  it  ia  aaan  froa  Fig.  10  that  T.  asn 
ha  aueh  largar  than  T  avar  neat  of  tha  araa  of  an  ialaad.  Equation 
(14)  thua  yialda  a  praatlaally  linaar  r  a  lotion  batman  A  and  X  • 
8ino»  T  ia  proportional  to  F  dw  tha  araoa  of  tha  la  lac  da  do  nat 
ohanga  appraoiably,  Sq.  (18)  giaaa  a  linaar  variation  of  In  ▼  nith 
t ,  oa  found  ax parinan tally  in  thia  naga  of  F. 

Aa  f  daaraaaaa,  T  tan  da  to  daoraaaa  nor*  rapidly  than  F, 
Oil  aooovnt  of  tha  in era** In*  araa  of  tha  ialaad#  (Fig. 10),  whila  froa 
Sq.  14,  A  is  aaan  to  inoraasa.  Tha  thaory  thua  pradiata  a  rapid 
drop  ia  In  V  aa  F  baooaaa  aaall,  in  agraanant  with  tha  axparl  antal 
arldanca- 

QnantlcAtiva  oonolualona  ara  quaetdonable  on  aooount  of  tha 
aoattar  af  tha  data,  but  froa  tha  straight  portion  of  tha  our taa  for 
the  speoifcea  of  J  -  lnah  radius  (Fig, 9)  it  ia  fo\»d  that 
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A  S'  lb  x  10  ergs 
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are  being  ndi  with  the  aid  of  the  theory*  Further  test*  ere  in 

progress  to  obtain  additional  data  an  the  effeot  of  temperature^  . 
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Autocorrelation  Analysis  of  the  Sliding  Process 

Ernest  Rabinowicz 

Lubrication  Laboratory,  Massachusetts  Institute  of  Technology,  Cambridge,  Massachusetts 
(Received  September  2, 1955) 

A  simple  model  of  the  sliding  process  is  developed  in  which  the  junctions  are  of  the  same  size,  but  have 
dilTerent  shear  strengths,  and,  using  an  artificially  obtained  friction  trace,  it  is  shown  that  the  size  of  the 
junctions  may  be  deduced  through  a  simple  autocorrelation  analysis.  Applied  to  real  friction  traces  obtained 
at  slow  sliding  speeds,  the  technique  gives  an  average  junction  diameter  of  9.10-4  cm,  in  good  agreement 
with  previous  estimates,  while  a  different  statistical  method  gives  a  value  of  5.10"*  cm. 


L  INTRODUCTION 

IT  is  generally  accepted  that  two  surfaces  pressed 
together  under  an  applied  load  make  effective 
contact  over  only  a  few  patches  on  their  apparent 
contact  area.  A  study  of  these  patches,  generally  called 
“junctions”  provides  important  information  as  to  the 
nature  of  the  sliding  process,  in  particular,  problems 
connected  with  metal  transfer  and  wear  and  the  transi¬ 
tion  between  boundary  and  full-fluid  lubrication.  In¬ 
vestigations  of  the  junctions  have  been  carried  out  in 
the  past  using  electric  resistance  measurements,1  •* 
optical1 *  and  electron4  microscopy,  taper  sections,*  and 
measurements  of  wear  fragments  produced  by  the 
breaking  of  these  junctions.*  In  this  paper  is  described 
a  new  method  of  studying  the  junctions  which  shows 
promise  of  becoming  an  important  addition  to  presently 

1  R.  Holm,  Electric  Contacts  (Almquist  and  Wiksells,  Stockholm, 
1948),  Part  I. 

»  F.  P.  Bowden  and  D.  Tabor,  The  Friction  and  Lubrication  of 
Solids  (Oxford  University  Press,  New  York,  1950),  Chap.  I. 

1 J.  Dyson  and  W.  Hirst,  Proc.  Phys.  Soc.  (London)  B67,  309 
(1954). 

‘  I-Miog  Feng,  J.  Appl,  Phys.  23,  1011  (1952). 

*  A.  C.  West,  Lubrication  Eng.  9,  211  (1953). 

4  E.  Rabinowicz,  Proc.  Phys.  Soc.  (London)  B66,  929  (1953). 


available  techniques,  namely,  statistical  analysis  of 
friction  measurements  obtained  during  a  sliding  ex¬ 
periment. 

The  calculations  involve  the  carrying  out  of  an  auto¬ 
correlation  analysis  in  which  the  instantaneous  value 
of  a  variable,  in  this  case  the  friction  force,  is  compared 
with  corresponding  values  obtained  during  the  same 
experiment  at  progressively  further  removed  intervals. 
In  this  way,  a  reliable  assessment  may  be  made  as  to 
how  rapidly  the  variable  is  changing,  and  this  in  turn 
can  give  information  as  to  the  underlying  factors,  in 
our  case  the  junctions,  that  give  rise  to  the  friction 
force  and  its  fluctuations. 

AUTOCORRELATION  ANALYSIS 

Many  experimenters  have  produced  friction  traces  in 
which  the  friction  force  is  shown  as  a  function  of  sliding 
distance  at  low  speeds  of  sliding,  and  some  examples  are 
shown  later  in  this  paper  in  Fig.  8.  A  feature  of  such 
traces  is  that  points  taken  close  together  on  the  trace 
have  nearly  the  same  friction  coefficient,  while  points  a 
large  distance  apart  may  have  coefficients  that  are 
nearly  the  same  or  that  differ  widely;  in  fact,  the  two 
values  are  independent  of  each  other.  The  change  from 
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Fig.  I.  Idealized  rep 
resentation  of  the  junc¬ 
tion  of  two  conical  as 
iwritics  in  elevation  and 
plan,  the  shaded  region 
being  the  true  area  of 
contact. 


the  condition  of  good  correlation  to  that  of  poor,  or  no 
correlation,  may  be  plotted  on  a  correlogram.7  For  this 
purpose,  values  are  read  off  the  friction  trace  at  regular 
intervals  and,  using  a  standard  form  of  analysis,  the 
average  friction  coefficient  /  is  determined.  Then,  if 
/i  ••■//••  •/«  are  the  individual  readings,  the  auto¬ 
correlation  of  order  A  is  defined  as 

»  Ei"  <Jj~f){fnk-f) 

- — - - — .  (1) 

«-*  Ei"  (/,-/)* 


SIMPLE  MODEL  OF  THE  FRICTION  PROCESS 

In  order  to  see  the  information  that  may  be  obtained 
by  an  autocorrelation  analysis,  it  is  of  interest  to  carry 
out  a  theoretical  analysis  based  on  a  simple  model. 
It  will  be  assumed  that  all  asperities  are  circular  cones 
and  make  contact  with  other  similar  cones  over  a  flat 
region  of  contact.  Figure  1  shows  that  the  real  area  of 
contact  changes  during  sliding,  reaching  a  maximum 
value  of  rtP/4  which  is  denoted  by  a.  Figure  2  is  a  plot 
of  the  area  of  contact  as  a  function  of  sliding  distance. 
The  actual  junction  is  in  existence  for  a  sliding  distance 
2d,  but  the  area-displacement  curve  approximates 
closely  to  the  triangle  of  base  rd/2,  and  it  is  the  latter 
function  which  is  used  in  our  calculations.  It  is  assumed 
initially  that  all  the  junctions  are  of  the  same  size. 

FLUCTUATIONS  OF  FRICTION  FORCE  PRODUCED 
BY  VARIATIONS  OF  SHEAR  STRENGTH 

If  we  assume  that  all  the  junctions  have  the  same 
flow  pressure  p  and  shear  strength  s,  a  constant  friction 
coefficient  may  be  expected,*  since  the  real  area  of 
contact  is  given  by  the  expression 


It  will  be  seen  that  when  A— 0,  the  summation  term 
in  the  numerator  is  identical  with  that  in  the  de¬ 
nominator,  and  hence  r*=  1.  This  is  defined  as  perfect 
correlation.  As  A  is  increased,  situations  will  arise  more 
and  more  frequently  such  that  one  of  the  terms  fj  and 
ftt*  is  greater  than  /,  the  other  smaller.  Hence,  the 
product  (//—/)(/>+*—/)  will  be  negative,  the  summa¬ 
tion  term  in  the  numerator  diminished,  and  r*  will  be 
less  than  1  (partial  correlation).  Eventually,  the  numer¬ 
ator  will  contain  as  many  negative  as  positive  terms, 
subject  to  statistical  fluctuations,  and  r  will  approxi¬ 
mate  to  zero  (no  correlation).  The  ratio  «/(«— A) 
corrects  for  the  smaller  number  of  terms  in  the  numer¬ 
ator  than  in  the  denominator  summation. 

When  many  values  of  r*  have  to  be  calculated  the  use 
of  the  foregoing  function  becomes  very  tedious,  and  a 
simpler  expression  of  similar  form  is  convenient.  We 
define 


n  Ei'l/» 
n-it 


(2) 


When  A=0,  the  summation  term  in  the  numerator  is 
zero  and  Fk—  !.  When  /,  and  /,+*  are  independent,  their 
mean  difference,  namely,  53 1//— /*+*!/(M— A),  tends 
to  V?  times  the  mean  deviation  from  their  average 
E !//-/!/«  provided  that  the  values  of  /  are  normally 
distributed,  and  hence  1^=0  subject  to  statistical  fluctu¬ 
ations.  For  intermediate  correlations  the  variations  of 
r*  and  r *'  are  also  comparable.*-* 


1  G.  U.  Yule  and  M.  G.  Kendall,  .-1m  Introduction  to  the  Theory 
of  Statistics  (Stechert-Hafner,  Inc.,  New  York,  1950),  Chap.  27. 

*  C.  E.  P.  Brooks  and  N.  Carruthcrs,  Handbook  of  Shitislica! 
Methods  in  Meteorology  (Her  Majesty's  Stationery  Office,  London, 
1955),  p.  362. 

*  Note  that  for  normally  distributed  friction  values  the  mean 
deviation  is  about  0.7956  where  a  is  the  root  mean  square  devia- 


L-P-A,  (3) 

where  L  is  the  load,  and  the  friction  force  F  by  the 
relation 


F=s-A, 

(4) 

/=  F/L—s/p= constant. 

(5) 

However,  the  shear  strength  may  be  expected  to  be 
a  very  variable  quantity  for  metal  surfaces  sliding  in 
air.  In  the  case  of  some  of  the  junctions,  the  oxide 
layers  are  unbroken  and  the  shear  strength  is  that  of 
the  oxide.  For  some  junctions  the  oxide  layer  is  broken 
up  and  complete  metal-to-metal  contact  is  made  so 
that  the  shear  strength  ox  the  metal  is  the  determining 
factor.16  Many  junctions  are  probably  part  metal  and 
part  oxide.  As  an  approximation  we  shall  assume  that 
the  same  junction  maintains  the  same  shear  strength 
while  being  made  and  broken.  In  the  case  of  the  all¬ 
oxide  and  all-metallic  junctions  this  assumption  is  very 


Fig.  2.  Real  area  of  contact  as  u  function  of  displacement  for 
the  junction  shown  in  Fig.  1  (full  line) ;  simple  triangular  approxi¬ 
mation  to  the  actual  curve  (broken  line). 


tion,  so  that  the  denominator  of  the  expression  in  Eq,  (2)  be¬ 
comes  l.t2&r. 

’  See  reference  2,  Chap.  5. 

10  K.  W.  Wilson,  Proc.  Roy.  Soc.  (London)  A212,  450  (1952). 
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reasonable ;  for  the  mixed  junctions,  if  any,  it  may  also 
be  satisfacto  y. 

During  sliding  at  constant  load  the  real  area  of  con¬ 
tact  remains  constant  [Eq.  (3)].  Assuming  all  junctions 
to  be  of  the  same  size,  and  with  an  area-displacement 
function  as  shown  in  Fig.  2,  then  as  soon  as  one  junction 
reaches  its  maximum  area  and  starts  diminishing  in 
sire  another  must  start  up  to  maintain  the  total  area 
at  a  constant  value.  In  general,  a  number  of  such  junc¬ 
tion  systems  act  simultaneously.11  We  shall  consider  a 
simple  case  in  which  one  junction  is  started  at  every 
unit  interval  of  length  and  persists  for  a  total  distance 
of  10  units.  Thus  10  junctions  are  present  at  any 
moment  in  different  stages  of  growth. 

Figure  3  has  been  drawn  to  illustrate  this  point,  and 
represents  an  area-displacement  plot  both  of  the  indi¬ 
vidual  junctions  and  of  their  sum,  the  total  contact 
area.  This  area  is  the  sum  of  the  intercepts  on  some 
specified  vertical  line  (corresponding  to  one  definite 
displacement)  of  all  the  sloping  lines  and  is  shown  at 
the  top  of  the  figure.  As  sliding  continues  the  individual 
junctions  change  in  size,  but  the  total  area  remains 
constant.  Since  the  flow  pressure  is  assumed  constant 
we  may  multiply  the  abscissa  by  p  and  then  Fig.  3 
becomes  a  plot  of  the  total  liormal  force  as  a  function 
of  sliding  distance.  As  postulated  earlier,  this  force 
remains  constant  during  sliding. 

However  the  friction  force  is  not  constant,  since  the 
various  junctions  have  different  shear  strengths.  If  we 
ass'tme  for  our  sliding  combination  that  the  shear 
strength  of  the  oxide  is  half  that  of  the  metal,  then  the 
friction  force  at  some  instant  at  which  all  the  junctions 
happened  to  be  in  intimate  metallic  contact  would  be 
twice  that  of  some  later  instant  during  which  all  the 
junctions  were  separated  by  an  oxide  layer.  In  general, 
the  friction  force  will  have  some  intermediate  value, 


Fitt.  3.  Area-displacement  plot  for  the  individual  junctions 
(triangles  at  lwttom  of  figure)  and  for  the  total  area  (line  near 
top  o!  figure). 

11  J.  F.  Archard,  J.  Appl.  Phys.  24,  981  (1954). 


Fig.  4.  Shear  force-displacement  plot  for  the  individual  junctions 
and  for  the  total  contact  area. 

and  it  will  fluctuate  as  one  set  of  junctions  is  replaced 
by  another.1* 

CALCULATION  OF  HYPOTHETICAL  FRICTION  TRACES 

We  shall  assume  that  a  junction  may  have  any  shear 
strength  in  the  range  sm/2  to  j*  (where  sm  is  the  shear 
strength  for  metallic  contact)  and  that  all  such  values 
are  equally  likely.  To  simplify  the  calculation  we  shall 
confine  the  strength  to  the  rational  ratios  (sm/8) 
X4,  5,  6,  7,  or  8.  Each  of  these  five  possible  values  of 
the  shear  strength  is  assumed  equally  likely.  To  find 
successive  values  of  shear  strength  of  our  hypothetical 
junctions  we  may  read  off  numbers  in  the  range  4  to  8 
from  a  table  of  random  numbers,  e.g.,  4,  7,  8,  4,  5,  8, 
6,  6,  etc. 

The  effect  of  this  on  our  junction  model  will  be  to 
multiply  the  heights  of  the  triangles  in  Fig.  3  by  the 
various  ratios  4r„/8,  7 j„/8,  8j»/8,  etc.  and  the  total 
friction  force  will  be  the  sum  of  the  individual  triangles. 
Figure  4  shows  a  typical  trace  obtained  in  this  way. 
It  will  be  seen  that  the  total  frictional  force  is  now  a 
variable  quantity.  As  a  matter  of  great  importance  we 
note  that  although  a  new  junction  with  different  shear 
strength  is  formed  at  every  unit  interval  of  distance, 
the  variation  of  the  total  friction  force  is  much  more 
gradual,  the  curve  showing  persistence,  and  it  is  this 
feature  that  may  be  analyzed  by  autocorrelation 
analysis. 

Five-hundred  consecutive  points  of  a  trace  such  as  is 
shown  in  Fig.  4  were  calculated  from  510  random 
numbers  in  the  range  4  to  8,  and  the  total  friction 
force  determined  by  an  arithmetical  procedure  equiva¬ 
lent  to  adding  up  for  each  “station”  the  shear  resistance 
at  that  point  of  each  junction.  Thus,  at  an  arbitrary 
station  x,  the  friction  force  will  be  given  by 

(ir/5){  (Sx~- 4-f~  3*^.4)  -f-  2(j_j-f-J^+j) 

+ 3  r,+ a) + 4  (  j_  i+ j**.  1) +5  j,  ) ,  (6) 

“  Rabinowicz,  Rightmire,  Tedholm,  and  Williams,  Trans.  Am. 
Sue.  Mcch.  Engrs.  77,  981  (1955). 
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Fic.  5.  Two-hundred  points  of  a  shear  force-displacement  curve 
similar  to  that  of  Fig.  4.  The  effect  of  one  junction  is  shown  at 
bottom  of  figure. 


where  the  notation  for  example  represents  the  shear 
strength  of  the  junction  whose  maximum  area  is  reached 
at  station  x~  2.  Owing  to  the  triangular  model  used, 
this  junction  will  have  an  area  of  3 a/5  at  station  x,  and 
hence  its  contribution  to  the  total  friction  force  will  be 
3ar_j/5  as  shown  above.  Figure  5  is  a  plot  of  200  of  the 
calculated  values  of  the  friction  coefficient,  and  Fig.  6 
is  the  correlogram,  or  plot  of  r*  as  a  function  of  k,  for 
all  the  500  points.  The  curve  approximates  closely  to  a 
parabola,  and  r*  reaches  a  value  of  0.5  at  about  0.26 
times  the  base  length  of  the  model  triangle,  and,  as 
expected,  to  a  value  dose  to  0  for  distances  greater 
than  the  base  length. 

A  recent  paper  by  Green1*  suggests  that  the  force- 
displacement  curve  of  a  junction  may  approximate  to 
a  rectangle  rather  than  to  a  triangle.  To  see  the  impli¬ 
cations  of  this  model,  a  new  friction  trace  was  con¬ 
structed  using  the  appropriate  formula 


Fig.  7,  and  the  correlogram  for  all  the  500  points  as 
the  dashed  curve  of  Fig.  6.  The  two  curves  are  fairly 
similar. 

These  two  junction  models  are  likely  to  represent 
the  possible  extremes  for  different  materials.  In  one 
case  the  junctions  slide  over  each  other,  and  in  the  other 
case  one  junction  penetrates  through  the  other.  In  prac¬ 
tice  both  mechanisms  will  operate  and  an  actual  r—k 
curve  will  lie  between  the  extremes  of  Fig.  7.  To 
simplify,  we  may  take  r* = 0.5  at  one-quarter  the  range 
of  action  of  the  junction.  Having  established  this  rela¬ 
tionship,  we  are  in  a  position  to  take  a  trace  whose 
junctions  are  of  unknown  diameter  and  from  the 
correlogram  make  deductions  as  to  the  size  of  the  junc¬ 
tions.  It  may  be  noted  that  the  shape  of  the  correlogram 
does  not  depend  on  the  amplitude  of  the  fluctuations  of 
the  friction  force  but  only  on  their  variation  with 
distance.  Thus,  deductions  may  be  made  from  the 
correlogram  even  when  the  variation  in  shear  strength 
of  the  junctions  is  unknown. 


<Lmi 


Fig.  7.  A  plot  similar  to  Fig.  5  but  assuming  the  force-displacement 
effect  of  a  junction  to  be  rectangular  as  shown. 


F,=»a-  (r»_4+J*_s+r*-*+J*-i+r*+J»4-i 

+rj+t+J*+»+i*M)-  (?) 

Two-hundred  points  of  this  trace  based  on  the  same 
numbers  as  were  used  in  obtaining  Fig.  5  are  shown  in 


Fig.  0.  Correlogram  of  hypothetical  fric  :on  traces.  Triangular 
model  (full  line);  rectangular  model  (broken  line). 


EXPERIMENTAL  MEASUREMENTS 

Friction  traces  suitable  for  autocorrelation  analysis 
were  obtained  with  the  slow-speed  friction  apparatus 
described  elsewhere.1*  In  this  arrangement,  &  hemi- 
spherically  ended  rider  of  one  material  is  kept  stationary 
with  respect  to  a  flat,  slowly  moving  plate  of  another 
material.  The  friction  force  produces  deflection  in  a 
strain  ring  on  which  are  mounted  four. strain  gauges, 
and  a  permanent  record  is  obtained  using  a  Sanborn 
recorder. 

Three  typical  traces  obtained  with  the  same  rider 
and  plate,  but  at  different  sliding  velocities,  are  shown 
in  Fig.  8.  It  will  be  noted  that  as  a  function  of  distance 
on  the  recording  paper,  fluctuations  in  the  friction 
force  are  much  more  pronounced  at  the  higher  speeds. 

An  autocorrelation  was  carried  out  using  100  points  on 
each  trace  and  Fig.  9  plots  the  autocorrelation  obtained 
as  a  function  of  distance,  not  on  the  recording  paper 
hut  on  the  sliding  surface.  The  results  suggest  that  the 
three  surfaces  are  autocorrelated  in  the  same  way, 
subject  to  statistical  fluctuations,  which  are  rather 
severe  as  the  average  length  of  track  analyzed  amounts 
to  only  10  complete  junctions.  In  particular,  the  value  ( 

'*  Heymann,  Rabinowic/.,  and  Rightmire,  Rev.  Sci.  Instr.  26, 

56  (1955). 


“A.  P.  Green,  Proc.  Roy.  Soc.  (London)  A228,  191  (1955). 
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of  rk  reaches  a  value  of  0.5  at  a  distance  of  about 
3.8X  10~*  cm,  so  that  the  hypothetical  junctions  appear 
to  be  7. OX  10“*  cm  in  average  length,  and  the  real 
junctions  (see  Fig.  2)  some  9.7X10-4  cm.  This  value 
may  be  compared  to  estimates  of  7.10  *  and  17.10- 4  cm 
obtained  previously,  for  similar  sliding  conditions,  by 
other  methods.14 

DISCUSSION 

In  this  paper  only  one  number  has  been  extracted 
from  the  correlograms,  namely,  the  average  junction 
size,  but  in  principle  it  is  possible,  making  assumptions 
as  to  the  shape  of  the  force-displacement  curves  of  the 
junctions,  to  obtain  information  as  to  the  actual  size 
distribution  of  the  junctions.  Before  this  can  be  done 
profitably,  more  investigation  of  the  force-displacement 
relations  is  needed. 


two  graphs  only  a  portion  of  the  full  length  of  trace  is  shown. 

Estimates  of  the  number  of  junctions  may  be  obtained 
from  another  statistical  calculation,  involving  the  stand¬ 
ard  deviation  of  the  friction  values,  namely,  the 
quantity  a  If.  If  there  are  n  junctions  present  at  any 
instant,  of  equal  size  but  of  different  shear  strength, 
then  simple  statistical  reasoning  suggests  that  <r/ /  will 

'*  E.  Rabinowicz,  J.  Appl.  Phys.  22,  1373  (1951). 


Fic.  9.  Correlogram  for  the  friction  traces  shown  in  Fig.  8  as 
a  function  of  distance,  not  on  the  recording  paper,  but  on  the 
sliding  surface. 

vary  as  »“*.  The  appropriate  constant  will  depend  on 
the  range  of  shear  strengths  encountered  and  the  shape 
of  the  force-displacement  function.  For  the  conditions 
of  Figs.  5  and  7,  we  have  found  by  actual  calculation 
that  <r//=0.27«~*  for  the  triangular  model  and  0.24»~* 
for  the  rectangular. 

This  provides  an  independent  way  of  calculating  the 
average  junction  diameter.  For  the  runs  shown  in 
Fig.  8,  o/f  is  found  to  be  0.022.  Hence,  assuming  the 
triangular  model,  there  are  150  junctions  present.  The 
total  real  area  of  contact  may  be  calculated  from 
Eq.  (3),  L  being  0.1  kg  and  p  being  6000  kg/cm*. 
Hence  A  =  1.67X10-4  cm*.  The  average  size  of  a  junc¬ 
tion  is  c/2,  and  hence  a  is  2.2X10“*  cm*  and  <f“5.3 
X 10-4  cm.  This  estimate  is  of  the  same  order  of  magni¬ 
tude  as  the  previous  one,  but  lower,  and  suggests  that 
the  actual  range  in  shear  strength  of  the  junctions  is 
less  than  our  postulated  factor  of  2: 1. 

SUMMARY 

The  autocorrelation  method  previously  described 
appears  to  provide  a  new  and  powerful  tool  for  the 
study  of  frictional  and  related  phenomena,  and  in 
particular  it  is  capable  of  providing  information  about 
the  size  of  the  junctions  formed  between  sliding  sur¬ 
faces.  The  experimental  technique  is  simple  and  general. 
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Stick  and  Slip 

II  h  en  two  snhstom  cs  nth  against  fitch  other ,  the  v  frvtjuvnlfy  stick 
and  then  slip.  The  phenomenon  accounts  for  the  squeak  of  hearings, 
the  music  of  ciofins  and  man  i  other  sounds  of  our  daily  experience 


ltv  lirtirs!  Iliiliinon ir/ 


r  V  '1l»‘  two  t\|X-.s  of  force  tli.it  .ire  nu  t 
I  most  Irequentlv  in  nu-chniiics  aie 
gravity  and  friction.  The  fornu'i 
has  br'en  studied  by  great  men  ot  science 
in  cver\  age.  The  latter  has  been  largely 
neglected.  it  being  assumed  that  the 
sliding  process  holds  little  intrinsic  in¬ 
terest  and  that  three  simple  laws,  all  dis¬ 
covered  before  180(1.  adeipiateK  de- 
scrilx'  the  force  of  friction.  However,  the 
advent  of  modern  machinery,  working 
with  very  close  tolerances  under  new 
and  widelv  varying  conditions,  has 
shown  up  the  inadequacy  of  our  knowl¬ 
edge  of  the  sliding  process.  To  give  but 
two  examples,  jet  engines  and  heat-ex¬ 
changer  pomps  in  nuclear  power  plants 
present  lubrication  problems  never  be¬ 
fore  encountered.  Goriseipientb  the  law  s 
of  friction  have  rceentlv  been  restudied. 
and  new  facts  discovered.  This  article 
will  deal  with  the  stick-slip  phenom¬ 
enon.  all  important  bs -product  ot  sliding 
which  produces  most  of  the  creaking, 
squealing,  chattering  and  squeaking  we 
hear  in  our  evervdav  lives. 


I'he  three  laws  describing  the  force  of 
tuition  sav  that  when  one  solid  body 
slides  over  another,  the  frictional  force 
(1 )  is  proportional  to  the  load,  or  pres¬ 
sure  of  one  against  the  othei.  (2)  is  in¬ 
dependent  of  the  area  of  contact,  and 
1 3 '  is  independent  of  the  sliding  veloci- 
t\ .  The  first  two  laws  were  stater!  by 
Leonardo  da  Vinci  and  rediscovered  in 
the  IfiOOs  by  Guillaume  Amontons,  a 
French  engineer  working  under  the 
sponsorship  of  the  French  Royal  Acade¬ 
me  of  Sciences.  The  third  law  was  first 
expressed  in  1785  by  Charles  Augustin 
tie  Coulomb,  the  French  physicist  better 
known  for  his  researches  in  electro¬ 
statics. 

If  the  three  laws  are  correct,  friction 
depends  onlv  on  the  applied  load,  and 
the  coefficient  of  friction  (the  ratio  fric- 
lion-force-to  load)  for  any  given  mate- 
lials  should  Ire  constant  under  all  condi¬ 
tions.  The  first  two  laws  generally  hold 
true,  with  no  more  than  10  per  cent  de- 
\  latino.  But  it  has  been  known  for  some 
lime  that  friction  is  not  independent  of 


sliding  speed.  The  coefficient  of  friction 
between  two  bodies  may  vary  as  much 
as  30  to  50  per  cent  according  to  the 
speed  of  motion.  In  1835  A.  Morin  of 
France  proposed  that,  since  the  fric¬ 
tional  force  resisting  the  start  of  sliding 
for  two  bodies  at  rest  was  obviously 
greater  than  the  resistance  after  they 
were  in  motion,  there  should  be  two  co¬ 
efficients  of  friction:  a  static  one,  for 
surfaces  at  rest,  and  a  kinetic  one,  for 
surfaces  in  motion.  Today,  as  a  result  of 
work  bv  a  number  of  investigators,  we 
know  that  both  the  static  and  the  kinetic 
coefficients  themselves  vary.  The  kinetic 
coefficient  drops  off  as  the  sliding  speed 
increases.  And  the  static  coefficient  de¬ 
pends  to  some  extent  on  the  length  of 
time  the  surfaces  have  been  in  contact— 
a  fact  which  can  be  attested  by  anyone 
who  has  ever  had  occasion  to  loosen  a 
stubborn  screw  or  nut  that  has  been  in 
place  for  a  considerable  period.  Thus  the 
only  satisfactory*  way  to  represent  the 
friction  coefficient  for  any  pair  of  sur¬ 
faces  is  by  two  plots,  one  of  the  static 


l  It  M.K  M  \ltk-  mi  .i  hl.nkho.inl  ilciiimi-lr.il>-  -i i<-k --lip.  Tin-  top 
Hi. Ilk  IS. I-  ill. ole  III  .1  piece  ot  chalk  tic  III  »l  .III  .1.  Illc-  angle  to  the 
rlil.-i  lii, il  III  million,  ill-  III. Ilk-  Ill-loss  il,  li\  pie.e-  ol  chalk  he  hi 


at  an  iiIiIhsi-  ,iii"lc  In  this  itirertion.  Ill  tin-  taller  marks  the  chalk 
-link  In  I  lie-  hiackhoaril.  then  i-lippril,  thru  stuck  again  anil  so  on. 
Tin-  more  liglillv  llie  chalk  is  lii-hi,  I  lit-  smaller  the  (Mslancr  of  -tip. 
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inefficient  .is  .1  iiticfinn  nl  tun,- 
•act,  tin-  other  ol  lit.-  kinetic  coi-llit  n  i.i 
as  a  function  of  sliding  velocity. 


It  is  the  breakdown  of  the  third  “Iasi. 

*  of  friction— the  variation  of  frictional 
force  with  vrlocity— that  is  responsible 
for  stick-slip,  the  phenomenon  we  shall 
now  consider.  Suppose  we  attach  a 
block  to  an  anchored  spring  and  place  it 
on  a  longer  slab  which  we  set  in  motion 
at  a  slow  speed.  At  first  the  block  is 
dragged  along  on  the  moving  slab:  it 
will  not  Im;  held  back  by  the  spring,  i.e., 
slide  on  the  slab,  until  the  spring’s  pull 
is  equal  to  the  static  coefficient  of  fric¬ 
tion.  The  pull  of  the  stretched  spring 
reaches  that  value  when  the  block  ar¬ 
rives  at  the  point  A  [  tec  drawing  at  bot¬ 
tom  of  ]>age  114).  Now  the  block  be¬ 
gins  to  slip  on  the  moving  surface.  As 
soon  as  it  does,  the  lower  kinetic  coeffi¬ 
cient  of  friction  takes  over,  and  the 
block  slides  rapidly  toward  the  left. 
When  it  has  moved  back  to  point  C,  it 
comes  to  rest.  Here  the  higher  static  co¬ 
efficient  takes  charge,  and  the  block 
again  sticks  to  the  surface  and  is  dragged 
to  A.  Then  it  slips  back  to  C.  This  is  a 
simple  laboratory  demonstration  of  the 
stick-slip  phenomenon,  so  named  in 
1939  by  F.  P.  Bowden  and  L.  L.  Leben, 
physical  chemists  at  the  University  of 
Cambridge,  who  built  an  apparatus  to 
study  the  process. 

At  the  point  B  on  the  scale,  halfway 
between  points  A  and  C,  the  pull  of  the 
spring  is  equal  to  the  kinetic  coefficient 
of  friction.  If  the  static  coefficient  were 
the  same  as  the  kinetic,  the  block  would 
be  dragged  to  this  point  and  then  stay 
there,  sliding  on  the  moving  slab  be¬ 
neath  it.  As  it  is,  the  block  oscillates 
about  this  position,  sticking  and  slip¬ 
ping  by  lums.  The  situation  is  compli¬ 
cated  by  the  fact  that  during  motion  the 
friction  coefficient  varies  with  changes 
in  the  sliding  velocity,  but  whether  stick- 
slip  may  occur  can  be  determined  in  any 
given  situation  simply  from  the  direc¬ 
tion  in  which  this  relation  is  changing 
[see  chart  at  lower  right  on  page  112], 

TV  That  does  all  this  have  to  do  with 
’’  machinery?  Few  mechanisms  in 
common  use  contain  sliding  surfaces  at¬ 
tached  to  springs.  The  answer  is  that 
whenever  solid  bodies  are  pressed  to¬ 
gether,  there  is  some  elastic  displace¬ 
ment  or  deformation  of  the  material,  re¬ 
sulting  in  an  effect  like  the  operation  of 
the  spring  in  the  foregoing  laboratory 
demonstration. 


Common  examples  of  stick-slip  arc 

MKT  A  I.  .St  UFA  i  KS  <  ft  I.  y  a  marhiui-  tuni  a.,-  eiiiarj.**.!.  Ai  i»i|i  i-  aluminum  sy  it  I.  die  the  creaking  of  doors .  the  chattering  of 
.in,,,, lli  (iiiisli  ,»(  -t*-a«ly  .'lining.  Ai  Imttnm  i-  titanium  witli  a  |mnr  ntinli  line  to  aii'k-diji.  window  sashes,  lilt-  violent  shuddering 
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of  drawbridges,  the  squeaking  of  bicy¬ 
cle  wheels  and  the  squealing  of  auto¬ 
mobile  tires.  Stick-slip  has  its  uses. 
Without  it  a  violinist  could  produce  no 
music,  and  be  tukes  good  care  to  pro¬ 
mote  it  bv  rosining  bis  bow.  But  in  most 
situations  stick-slip  is  a  nuisance  or 
worse.  A  bail  cutting  metal  should  slide 
smoothly  into  the  material;  when  its 
slide  is  interrupted  hv  stick-slip  the  cut 
will  he  rough  and  uneven  [.«■/•  photo¬ 
graphs  oi,  page  110],  In  the  driving 
mechanism  of  a  phonograph  turntable 
stick-slip  would  ruin  the  sound.  And 
during  World  War  ii  the  problem  of 
stick-slip  in  one  delicate  situation  was  a 
matter  of  lift-  and  death.  The  turning  of 
i  a  submarine's  prnpi-ncr  shaft  produces 
stick  slip  noise  which  can  he  detected 
with  sonic  listening  gc.u.  Since  the  war 
the  Office  of  Naval  Heseareli  has  spon¬ 
sored  research  on  stick -slip  at  the  Massa¬ 
chusetts  institute  of  Technology. 

I  ^ra  tion,  most  investigators  now  agree, 

*  arises  from  the  adhesion  of  molecules 
in  the  surlaces  in  contact  with  each 
other.  The  bond  between  the  surfaces 


may  be  so  strong  at  some  points  that  tiny 
fragments  are  tom  off  one  and  stick  to 
the  other.  Experiments  with  radioactive 
tracer  material  have  proved  this.  If  the 
end  of  a  radioactive  rod  is  rubbed  along 
a  flat  surface,  small  particles  ore  trans¬ 
ferred  and  make  the  surface  radioactive. 
This  is  an  excellent  experiment  for  show¬ 
ing  the  stick-slip  phenomenon.  A  piece 
of  photographic  film  is  laid  on  the  sur¬ 
face  that  has  been  rubbed  with  the  rod. 
After  it  has  been  exposed  for  several 
hours  to  the  radioactive  track  left  by  the 
rod.  the  film  is  developed.  The  image  of 
the  track  turns  out  to  be  not  a  continu¬ 
ous  line  but  a  series  of  spots  [sec  photo¬ 
graph  on  page  118].  The  sliding  rod 
end  stuck  and  slipped,  leaving  consider¬ 
able  material  where  it  stuck  and  ver\ 
little  where  it  slipped.  Exactly  the  same 
thing  happens  when  you  mb  a  piece  of 
chalk,  tilted  in  the  direction  of  motion, 
over  a  blackboard;  you  will  get  a  stutter¬ 
ing  line  of  dots. 

In  am  adhesive  process  the  bond  be 
comes  stronger  the  longer  it  is  left  mi 
disturbed.  This  is  whv  the  static  coeffi¬ 
cient  of  friction  increases  with  time  of 


EVOLUTION  OF  THE  FRICTION  CONCEPT  is  illustrated.  In  the  late  I8th  century  it  was 
thought  that  the  coefficient  of  friction  remained  constant  a*  the  relative  velocity  of  the 
gliding  substances  was  increased  (upper  left).  In  the  early  19th  century  it  was  postulated 
that  there  were  two  kind*  of  frictio.i:  static  and  kinetic  (upper  right).  Friction  wag  greatest 
when  tw  o  substances  were  moved  from  a  state  of  rest,  and  fell  off  immediately  when  they 
began  to  slide.  Around  1940  it  was  shown  that  friction  fell  off  gradually  with  the  increase 
of  velocity  (lower  left).  Today  it  is  known  that  friction  first  increases  with  velocity  and 
then  falls  off  (lower  right).  When  the  changing  relationship  between  friction  and  velocity 
has  the  slope  to  the  left  of  the  peak  in  this  curve,  substances  slide  steadily.  When  it  has 
the  form  of  the  steeper  part  of  the  slope  to  the  right  of  the  peak,  stick-slip  occurs. 
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STICK-SLIP  at  low  speed  iracn  the  curve  at  left.  The  sloping  sections  of  the  curve  are 
Mirk;  t lie  vertical  sections,  slip.  At  high  speed  stick-slip  traces  the  sinusoidal  curve  at  right. 


contact.  In  Ihe  case  of  sliding  surfaces, 
the  period  of  contact  ltetween  points  on 
the  two  surfaces  is,  of  course,  longer 
when  the  surfaces  slide  slowly  than 
when  thev  move  rapidly.  Consequently 
if  the  slide  of  one  surface  over  another 
slows  down,  friction  increases.  This  is 
the  situation  that  favors  stick-slip.  How¬ 
ever,  laboratory  tests  have  developed 
the  unexpected  finding  that  at  extreme¬ 
ly*  slow  speeds  the  situation  is  reversed: 
as  friction  increases  the  sliding  velocity 
also  increases.  The  most  plausible  ex¬ 
planation  seems  to  lie  in  the  phenom¬ 
enon  called  creep.  All  materials  slowly 
change  shape  (“creep”)  even  under 
moderate  forces.  An  increase  in  force 
will  increase  the  rate  of  creep.  Thus 
in  the  case  of  surfaces  sliding  very 
slowly  over  each  other,  an  increase  in 
frictional  force  inav  produce  a  percepti¬ 
ble  acceleration  of  the  slide  in  the  form 
of  creep  of  one  surface  past  the  other. 
The  limit  of  speed  attained  by  the 


speeds  up  to  a  millionth  of  a  centimeter 
per  second  (about  one  foot  per  year); 
soap  up  to  10  centimeters  per  second. 

These  considerations  present  us  with 
the  paradoxical  conclusion  that  there  is 
really  no  such  thing  as  a  static  coefficient 
of  friction  for  most  materials.  Any  fric¬ 
tional  force  applied  to  them  will  produce 
some  creep,  (.<?.,  motion. 

Studies  of  sliding  at  very  low  speeds 
are  important  because  they  yield  sys¬ 
tematic  information  on  friction-velocity 
relations  which  will  enable  designers  of 
machines  to  select  materials  that  will  be 
immune  from  stick-slip  over  the  range  of 
speeds  at  which  the  mechanism  is  to 
operate.  We  also  need  a  great  deal  more 
data  on  the  friction  coefficients  of  metals. 
It  seems  odd  that  in  this  age  of  metals, 
tables  of  coefficients  listed  in  handbooks 
still  have  little  to  say  about  metals  and 
apply  largely  to  various  woods,  leather 
and  stones— engineering  materials  of 
long  ago. 
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creep  mechanism  varies  with  the  ma¬ 
terial.  Itecause  soft  materials  creep  fast-  HPhree  main  methods  are  available  for 
er  than  hard  ones.  The  creep  of  steel  ‘  curing  stick-slip  where  it  is  not 
is  so  slight  that  it  cannot  be  observed,  wanted.  Firstly,  we  can  alter  the  sliding 

Lead  can  Ik-  made  to  slide  bv  creep  at  speed.  Sometimes  this  means  slowing 


K.Xl’KIMMKiVf  Al.  Al’I’UtVfl  ,-s  is  used  ti>  slum  t lie  principle  of  stick-slip.  A  block  is 
I  attached  to  a  spring.  Tin*  slab  on  whirh  tin*  block  rests  is  moved  I arrotc I .  If  the  statir  roef- 
!  liciem  of  frirtion  were  tin*  same  as  tin*  kinetic  coefficient  of  friction,  the  block  would  simply 
i  move  with  the  slab  from  O  to  I!  and  stay  there.  Hecailse  the  static  coefficient  is  greater  than 
|  the  kinetic,  tin*  block  moves  with  the  slab  to  A  and  then  slips  huek  to  I..  If  (he  movement 
■  id  the  slab  were  eoiitiuued  at  tile  same  speed,  the  blork  would  osriliale  between  A  and  t.. 
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(limn,  in  other  caves  speeding  op.  For 
example,  a  cars  tiff'-  squeal  if  it  rounds 
a  curlier  rapidly  but  not  if  the  turn  is 
slow,  on  the  other  hand,  a  door  that 
creaks  when  opened  slowly  mas  he  si¬ 
lent  when  s«nni»  rapidly.  Secondly,  we 
may  reduce  the  stored  energy  in 

the  sprint;)  whose  intermittent  release  is 
responsible  for  stick-slip.  Stiffening  the 
spring  will  accomplish  this  end;  similar¬ 
ly,  stiffening  a  toolhnldcr  will  make  the 
tool  cot  more  smoothly.  Or  we  mav 
damp  the  stored  energy  by  immersing 
some  part  of  the  vibrating  system  in  a 
bath  'if  viscous  oil. 

The  third  and  most  common  method 
is  to  lubricate  the  sliding  surfaces.  A 
lubricant  forms  a  soft  film  which  has  far 
less  frictional  resistance  than  a  metal’s 
surface.  The  problem  here  is  to  maintain 
the  film  over  the  whole  interface.  As  the 
surfaces  slide,  the  lubricant  is  gradually 
worn  off,  so  that  parts  of  the  metal  sur¬ 


face-.  come  into  contact  with  cadi  -itlier. 
So  long  as  the  lubricant  coverage  is  9(1 
per  cent  or  better,  stick-slip  cannot  oc- 
cm.  but  when  coverage  has  fallen  to  7,~> 
per  cent,  stick-slip  becomes  very  possi¬ 
ble  [see  chart  Mow].  At  this  stage  its 
squeaky  protest  is  a  boon,  lor  it  serves  as 
a  warning  that  the  lubricant  must  be 
replenished.  The  quality  of  the  lubricant 
is  important;  some  poor  lubricants  never 
give  even  90  per  cent  coverage,  no  mat¬ 
ter  how  much  is  applied. 

External  factors,  such  as  humidity, 
also  may  play  a  part.  Squeaks  in  an  au¬ 
tomobile  are  apt  to  be  silenced  on  a  wet 
day— and,  perversely,  almost  invariably 
when  the  car  is  taken  to  a  garage  to 
have  the  squeaks  located  and  removed. 
Demonstrations  of  stick-slip  during  pub¬ 
lic  lectures  are  likewise  hazardous  un¬ 
dertakings. 

Friction  in  a  machine  brings  a  train 
of  unhappy  events.  The  sliding  surfaces 
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VtlfJCiT v  CENTIMETERS  PER  SECOND! 

I.t  ISliM.  ATKIt  >1  HI  ACKS  mu)  he  subject  lo  stick-slip.  Tills  chart  represents  one  piece 
of  steel  slid  over  another  with  a  lilm  of  lubricant  between  them.  When  the  lubricant  is  first 
applied,  it  covers  100  per  rent  of  the  area  between  tile  two  surfaces.  This  area  is  steadily 
reduced  as  the  surface,  are  rubbed  together.  When  90  per  cent  of  the  film  remains,  the 
curve  is  still  almost  horizontal  and  no  stick-slip  occurs.  When  only  75  per  cent  remains, 
llie  slope  of  curve  i-  dov.  n  >  see  curve  ul  tuner  rijiht  on  page  112)  and  stick-slip  ran  begin. 
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arc  scarred;  me  loose  particles  worn  off 
them  act  as  abrasives  and  produce  more 
"■car;  the  increasing  friction  generates 
heat  and  robs  the  machine’s  mechanical 
energy.  Expensive  systems  are  some¬ 
times  installed  to  warn  when  more  lubri¬ 
cant  is  needed.  But  stick-slip  itself  sup¬ 
plies  its  own  admonitory  voice,  without 
which  our  machine  age  would  soon 
grind  to  a  shuddering  breakdown.  It  per¬ 
forms  the  warning  function  automatical¬ 
ly,  cheaply  und  effectively. 
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electronic  devices.  Quite  naturally,  they  are  also  widely 
used  throughout  industry  and  by  manufacturers  of 
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Ailen-Bradley  Co. 

134  W.  Greenfield  Ave.,  Milwaukee  4,  VVis. 

In  Canada — Ailen-Bradley  Canada  Ltd.,  Galt,  Out. 


Quality 

lectronic 
omponents 


MOLDED  COMPOSITION  FIXED  RESISTORS 


in  1/tO,  1/2,  I,  and  2-watl  situs.  Alt  stand¬ 
ard  KETMA  rosistonco  voluus.  Frou  of  coto- 
slrophk  faHurut. 


in  coramlc  tubas  for  "pro- 
cislon"  applications.  A  roil- 
able  In  four  physical  sizas. 


MOLDED  COMPOSITION  VARIABLE  RESISTORS 


Typo  C.  Wool  for 
compact  am** 
bDoz.d/2'  DiomJ 
SoSd-moMod. 


CERAMIC  DIELECTRIC  CAPACITORS 


Typo  J.  Hat  a  tolld- 
moldad  olomonl.  Stand¬ 
ard  or  lpodol  rotlilanco 
laport.  Mado  In  tingle, 
dual,  or  triple  units. 


Typo  T.  Solid-; 
molded.  Furnished 


for  hand  or  screw  driver  operation. 


capacitors  with 
ceramic  enclosure 


for  superior  performance. 


•A 

Type  GF.  Sin  sizes  In  RETMA. 
JAM,  and  MR.  values.  Has  superior 
performance  characteristics. 


FERRITE  CORES 


High  efficiency  ferrite*  for  TV 
and  special  use.  All  shapes 
and  sizes  for  special  needs. 


FEED-THRU  AND 
STAND-OFF  CAPACITORS 

5 


Types  FT  and  SO  wiscoidai 
Capacitors.  Eliminate  parallel 
resonance  on  VHF  and  UHF. 


ALLEN-BRADLEY 

ELECTRONIC  COMPONENTS 


Best  Available  Copy 


